In this work we study the evolution of a spatially flat Universe by considering a viscous dark matter and perfect fluids for dark energy and radiation, including an interaction term between dark matter and dark energy. In the first part, we analyse the general properties of the Universe by performing a stability analysis and then we constrain the free parameters of the model using the latest and cosmological-independent measurements of the Hubble parameter. We find consistency between the viscosity coefficient and the condition imposed by the second law of the Thermodynamics. The second part is dedicated to constrain the free parameter of the interacting viscous model (IVM) for three particular cases: the viscous model (VM), interacting model (IM), and the perfect fluid case (the concordance model). We report the deceleration parameter to be q0 = −0.54 +0.06 −0.05 , −0.58 +0.05 −0.04 , −0.58 +0.05 −0.05 , −0.63 +0.02 −0.02 , together with the jerk parameter as j0 = 0.87 +0.06 −0.09 , 0.94 +0.04 −0.06 , 0.91 +0.06 −0.10 , 1.0 for the IVM, VM, IM, and LCDM respectively, where the uncertainties correspond at 68% CL. Worth mentioning that all the particular cases are in good agreement with LCDM, in some cases producing even better fits, with the advantage of eliminating some problems that afflicts the standard cosmological model.
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I. INTRODUCTION
Dark energy (DE) and dark matter (DM) are the corner stones of the modern cosmology, being so far one of the most intriguing mysteries for the understanding of our universe. In this vein, many attempts to comprehend the composition of this dark entities have been developed in recent years. The most important theories for DM are supersymmetry models [1] , scalar fields [2] [3] [4] , among others, meanwhile for DE the most interesting candidates can be summarized as the cosmological constant (CC), phantom energy, quintessence, Chaplygin gas, brane-worlds, f(R), unimodular gravity etc. (see Refs. [5] for a review of DE models, also see [6] [7] [8] [9] [10] [11] ). Despite the efforts of the community, the supersymetric DM and CC as dark energy are still the best candidates to understand the cosmological observations. However, laboratory experiments show no evidence of supersymmetric particles and the CC is afflicted with several theoretical problems [12, 13] when its origin is considered as quantum vacuum fluctuations. A radical new form to address these conflicts is to consider an interaction between the dark components through the continuity equation [5, 14, 15] . * ahalmada@uaq.mx On the other hand, cosmology with viscous dark fluids is an interesting alternative to understand the accelerated expansion of the Universe [16] . The viscous fluid models could resolve the tension across different probes, for instance, the value of the Hubble constant (H 0 ) obtained from SNIa [17, 18] is more than 3σ the one estimated by CMB Planck data [19] , and the value of matter fluctuation amplitude (σ 8 ) measured from the large scale structure (LSS) observations differs from those determined from the CMB Planck data under the LCDM cosmology [20, 21] . Authors in [22] study a dissipative Universe with interacting fluids which the non-equilibrium pressure is proportional to H 0 , they find that the decelerated -accelerated transition occurs earlier than the one of a non-viscous model (for other interesting models, see [23, 24] ).
Although there are two types of viscosity coefficient known as bulk and shear, the bulk viscosity is the one that plays an important role in the Universe's dynamics at the background level because it satisfies the cosmological principle. In contrast, one of the main characteristics of the shear viscosity is that it could produce vortices or any other chaotic phenomena at early epochs of the Universe evolution. Based on bulk viscosity, the viscous models have been addressed using two approaches: the Eckart [25] and Israel-Stewart (IS) [26] theories. The main difference between the theories is that arXiv:2001.08667v1 [astro-ph.CO] 23 Jan 2020 the IS approach explored by [27] [28] [29] solves the problem of the causality, i.e., the propagation of the perturbations on the viscous fluids is superluminal. Although this formalism avoids this problem is more complex than the Eckart theory, and only some analytical solutions [30] [31] [32] [33] are known for the bulk viscosity of the form ξ ∼ ξ 0 ρ s , with s = 1/2 and ρ is the energy density of the viscous fluid in an Universe filled by only one fluid [34] . In contrast, the Eckart's scenario was the first proposal to study the relativistic dissipative processes as a first order deviations around the equilibrium and, despite the causality problem, it is widely used due to its simplicity. For instance, some works related to the Eckart's theory, have been investigated the dynamics of the Universe at late times by considering a bulk viscous coefficient with a constant [35] [36] [37] [38] , polynomial [39] [40] [41] , and hyperbolic [41, 42] forms as functions of the redshift or in terms of the energy density. Additionally, authors in [38, 43] have been studied the Universe with several fluids, being a more realistic description of the Universe. In both theories, the procedure to include the bulk viscous effects into the Einstein field equations is trough as an effective pressure, written in the formp = p + Π, where p refers to the sum of the traditional components such as the dust-matter (baryons, DM), the DE, and the relativistic species (photons, neutrinos), being Π an account to the bulk viscosity term. As a consequence, the equation of state (EoS) generally turns into an inhomogeneous one when the Π term is a variable function. Furthermore, it is worth noticing that letting Π, or any other dynamical variable, vary with time is an interesting way to explain the recent results given by [44] , which conclude a preference of the DE component for a dynamical EoS over a constant one. Regarding the physical mechanism to generate such viscous effects, some proposals point towards the decaying of DM particles [45, 46] or any other microscopic property as the self-interaction [24] of DM particles.
Recently, the Experiment to Detect the Global EoR Signature (EDGES) [47] found that the amplitude of the absorption signal of 21 cm temperature at the cosmic dawn epoch (z ≈ 17) is larger than expected. In this vein, the EDGES observations indicate that the baryons must be cooler or the photons hotter than the predicted by the standard cosmology, thus, this phenomenon offers another incentive to study the viscosity effects of the fluids and their interactions [48, 49] . Considering the first and second law of Thermodynamics and assuming the Universe filled by a non perfect DM fluid with ξ ∼ ρ s , the authors in [49] find that the temperature of the DM fluid increase throughout the cosmic evolution due the bulk viscosity ξ 0 > 0, thus, allow to describe the EDGES observations. Therefore, in this work we study a model that consists of a flat Friedmann-Lematre-Robertson-Walker (FLRW) Universe including three components: a non-perfect and interacting fluid, composed by DM where baryons are included, which we will call it as dust matter (dm) [50] , the DE fluid that will interact with dm in the Eckart's approach and radiation with its standard well known behavior. We start analyzing the general dynamics of these components through a stability analysis of the critical points. After that, we perform a Monte Carlo Chain Markov (MCMC) procedure using the latest observational Hubble parameter data (OHD) to constrain the free parameters of the model. Finally, we study particular cases of the model such as a solely viscous model (without the interaction term), an interacting model (without the viscosity term), and the perfect fluid case that correspond to the LCDM model.
The paper is organized as follow: In Sec. II presents the background of the interacting non-perfect model and gives the formulation of the dynamical system. In Sec. III we discuss the stability of the system around the critical points and give bounds to the free model parameters. Section IV is devoted to constrain the free parameters of the model using the latest samples of OHD. In Sec. V we discuss our results and finally, we present our remarks and conclusions in Sec.VI.
II. COSMOLOGY WITH DARK FLUIDS
The cosmological model under study consists of a Universe in a flat FLRW space time which contains a nonperfect fluid as dm that interacts with a perfect fluid as the DE component, together with the radiation fluid. Then, the energy-momentum tensor can be expressed as
where g µν corresponds to the FLRW metric,p = p + Π is the sum of the total barotropic pressure of the fluids, p, and the bulk viscosity coefficient, Π, ρ is the energy density of the fluid and u µ is the associated cuadrivelocity. Inspired on the viscosity behavior in fluid mechanics, being proportional to the speed, we have assumed Π = −3ζH. Additionally, the model supposes an energy exchange term Q between dm and DE, and a viscosity effect encoded in the terms that contain the bulk viscosity coefficient ζ. In this approach, the Friedmann, continuity and acceleration equations are
where H =ȧ/a, κ 2 = 8πG, G is the Newton gravitational constant, ρ r , ρ dm , and ρ de correspond to the relativistic species, dust matter and dark energy densities respectively. The equation of state (EoS) for each species are p r = ρ r /3, p dm = 0, and p de = (γ de − 1)ρ de , being γ de a constant that it is related with the EoS as ω de = γ de − 1. Notice that the DE component behaves as CC when γ de = 0. In particular, in this work we consider the typical ansatz for the viscosity coefficient
where ρ dm0 is the dm density at present epoch and ξ is a free parameter with units of
To study the cosmological model presented in Eqs.
(2)-(6), we define the dimensionless dynamical variables as
Then, the dynamical system can be written as
where = d/dN , N = log(a) and
In the latter equation notice that y 0 and H 0 are the fraction of dm and Hubble parameter at z = 0 respectively. Additionally, to convert the dynamical system in an autonomous one we have defined the variable z related to the interaction term. In particular, we will explore the form of Q as
or in terms of the dimensionless variables [52] z(x, y) = β xy
where β is a dimensionless free parameter. It is evident that, for β = 0, the system described above corresponds to an Universe with viscosity. For alternative forms of z(x, y) that satisfy such conditions, see for instance [51] .
In addition, we express the deceleration parameter, effective EoS and jerk parameter as [51] 
where previous equations are written in terms of the dimensionless variables.
III. STABILITY ANALYSIS
We start our stability study of the dynamical variables defined in the Eqs. (8)-(10) by finding the critical points and the Jacobian matrix, which are respectively
and
where
The stability analysis of non linear systems consists in studying the behavior of the perturbations around the critical points using the matrix J and decide if they are stable or not. Hence, Table I summarizes the stability condition for each critical point. The first point, P 1 = (0, 0), represents the radiation dominant epoch with q = 1 and w ef f = 1/3. Notice that this point is a saddle for β > 4 and unstable for β < 4. The latter condition guarantees the evolution of the Universe to another critical point that is expected to be P 2 .
The P 2 point corresponds to the DM dominant epoch and it is stable in the region β > 3(1−ξ 0 ) and ξ 0 > −1/3. On the other hand, P 3 is a saddle point if β < 3(1 − ξ 0 ) and ξ 0 > −1/3 and an unstable point if β < 3(1 − ξ 0 ) and ξ 0 < −1/3. Notice that the latter condition does not satisfy the second law of the thermodynamics that imposes ξ 0 > 0 [53, 54] , and the saddle point gives a weaker condition for ξ 0 than the thermodynamic one. Moreover, structure formation is explained by the existence of P 2 in our dynamical system where the interaction term has no contribution. Furthermore, Figure 1 shows the {x,y}-phase space representing in gradient color the intensity of the deceleration (left panel) and jerk (middle panel) parameters and the effective EoS (right panel). In this phase-space, the evolution of the Universe starts around the point P 1 with q ≈ 1, j ≈ 3, and an effective EoS w ef f ≈ 1/3. Then, depending on the initial conditions of the Universe, it could change to a state close to P 2 with cosmographic parameters q ≈ 1/2, j ≈ 1, and w ef f ≈ 0. As mentioned before, this phase plays an important role in the structure formation, for that reason, an evolution with y = 0 should not be allowed physically. 
The last stage of the Universe, where the accelerated expansion occurs, is when it moves towards the point P 3 with cosmographic parameters q ≈ −1/2, j 1, and w ef f ≈ −0.7.
IV. OBSERVATIONAL CONSTRAINTS
The expansion rate of the Universe is measured directly by the OHD. Currently, the OHD sample is obtained from the differential age technique and Baryon Acoustic Oscillations (BAO) measurements. In this work we consider the sample compiled by [55] , that consists of 51 points in the redshift region 0.07 < z < 2.36, to constrain the free model parameters. It is worth to note that this sample can yield biased constraints because the BAO points are estimated under a fiducial cosmology [55] . Thus, the figure-of-merit is given by
where H th (z i , Θ) − H obs (z i ) denotes the difference between the theoretical Hubble parameter with parameter space Θ and the observational one at the redshift z i , and σ i obs is the uncertainty of H i obs . The data will be used not only to constrain our interacting viscous model (IVM) with free parameter space Θ = (h, Ω de0 , ξ 0 , β), but also the following particular models of the IVM: an only interacting model (IM) by setting ξ 0 = 0, an only viscous model (VM) with β = 0, and the LCDM model that is recovered by requiring ξ 0 = 0 and β = 0. In order to solve the equation system, Eqs. (8)-(13), we have used Ω de0 for the initial condition of x, and y 0 = 1 − Ω de0 − Ω r for y, where Ω r = 2.469×10 −5 h −2 (1+0.2271N ef f ), with N ef f = 3.04 as the number of relativistic species [56] , and h as the Hubble dimensionless parameter. To minimize the χ 2function for each model, we perform a Bayesian MCMC analysis based on emcee module [57] . For each free model parameter, the n-burn phase is stopped following the Gelman-Rubin criteria [58] , i.e. after achieving a value lower than 1.1. We obtain 5000 chains, each one with 500 steps, to explore the confidence region taking into account a Gaussian prior on the Hubble constant h and a flat prior for the rest of the parameters (see Table II ). Figure 2 displays our MCMC analysis for the free parameters with the 2D contours at 68% (1σ), 95% (2σ), and 99.7% (3σ) confidence level (CL) and their corresponding 1D posterior distributions for IVM (green color), IM (red), VM (blue), and LCDM (grey) models. Table III shows the best fitting values for the free parameters and their uncertainties at 68% (1σ) CL of the above mentioned cases. It is interesting to see that ξ 0 and β are anti-correlated, which is an expected result because both parameters are acting to produce the accelerated expansion of the Universe. On the other hand, with the existence of a viscous Universe or an interacting dark sector (or both), we could establish a upper bound on the Ω de . We will discuss this bound in more detail in the next Section. Finally, Figure 3 displays the best fit curves over the OHD sample.
V. RESULTS AND DISCUSSIONS
In this section we describe the physical properties of the Universe based on our results of the Bayesian MCMC analysis shown in Table III . Figure 4 shows the evolution of the dynamical components x = Ω de (N ), y = Ω dm (N ), and Ω r of the Universe described by IVM (top panel), and the evolution of the q(N ), j(N ), and w ef f (N ) parameters (bottom panel). It is important to remark that the w ef f behaves in concordance with standard cosmological model predictions (with Planck data, w LCDM ef f ∼ −0.68 at z = 0 [59] ). In other words, the Universe is in the quintessence region at late epochs (−2 N < 0), as dust matter (w ef f ≈ 0) around −6 N 2, and takes values closer to w ef f ∼ 0.3 in the radiation phase (N −6). In addition, the deceleration parameter is q ≈ 1/2 in the dm epoch, and increase towards q → 1 in the radiation epoch. On the other hand, the jerk parameter j is slightly below the value expected from LCDM (j = 1) in the region going from the current epoch up to N ≈ −5, and takes the expected value (j → 3) for N < −10 in the radiation dominated epoch. In summary, the presented models successfully reproduce all the expected epochs and are in good agreement with the LCDM model.
For a better statistical assessment of different models with different degrees of freedom we use, besides χ 2 , respectively, where χ 2 is the chi-squared function, k is the number of degree of freedom and N is the total number of data, being the model with the lowest value the one preferred by the data (see table III ). If the difference in AIC value between a given model and the best one, ∆AIC, is less than 4, both models are equally supported by the data. For the range 4 < ∆AIC< 10, the data still support the given model but less than the preferred one. For ∆AIC> 10, the observations do not support the given model. Thus, as it is shown in Table III , when we compare the IM or VM with respect to LCDM (the preferred model), these models are equally preferred by the data (OHD+SNIa), being the IVM the least preferred by data. Similarly, the difference between a model and the best one, ∆BIC, is interpreted as evidence against a candidate model being the best model. If ∆BIC< 2, there is no appreciable evidence against the model. In the range 2 < ∆BIC< 6, there is a modest evidence against the candidate model and if 6 < ∆BIC< 10, the evidence against the candidate model is strong; if ∆BIC> 10, the evidence against is even stronger. Thus, we have a strong evidence against IM and VM, and even stronger for IVM. the other hand, they are consistent with the one obtained by [22] (z T ∼ 0.74) when an interacting viscous model is considered. Additionally, our results are also compatible (within 1.8σ and 1.1σ respectively) with those found by Ref. [64] using the non-parametric Gaussian Process method with the OHD data, z T = 0.59 +0.12 −0.11 ,and SNIa Pantheon sample, z T = 0.683 +0.110 −0.082 . Regarding the cosmographic parameters, we obtain the deceleration one at z = 0 to be q 0 = −0.55 +0.06 −0.05 , −0.58 +0.05 −0.04 , −0.58 +0.05 −0.05 , and −0.63 +0.02 −0.02 for the IVM, VM, IM, and LCDM respectively. When we compare these results with the one obtained by [7] for the LCDM model, q LCDM 0 = −0.54 ± 0.07, we find a deviation within 1.3σ. Additionally, their corresponding value of the jerk parameter are j 0 = 0.87 +0.06 −0.09 , 0.94 +0.04 −0.06 , 0.91 +0.06 −0.10 , and 1.0. On the other hand, when we compare our q V M 0 and j V M 0 values with those obtained by [41] considering viscous models, we find a deviation of about 1.3σ. Figure 5 shows 1D posterior distribution and 2D contours of the q 0 , j 0 , w ef f (z = 0), and z T for IVM, IM, VM, and LCDM. Based on the IVM, it is noteworthy that w ef f presents a positive correlation (corr > 0.99) with q 0 and a negative one (corr = −0.87) with j 0 . The deceleration-acceleration transition has a negative correlation (corr = −0.45) with q 0 and a negligible correlation with j 0 . Between the cosmographic parameters (q 0 , j 0 ), we find a negative correlation of corr = −0.45. VM (blue), and LCDM (gray) together with the h-Ω dm0 contour at 1σ and 2σ CL. It is interesting to see that a possible effect of the interaction and viscosity terms is to increase the dm component at current epochs; nevertheless, such contributions are consistent within 2σ CL to the value of LCDM.
Only considering the DM component as the viscous one, the authors in [65] argue that, in the presence of several fluids in the Universe, it is difficult to distinguish which fluid is producing the viscous effects at the background level, in other words, there is degeneracy. However, as we mentioned in the introduction, when the DM fluid is the responsible for such dissipative effects it means that, at z < 1, the DM particles probably do not decay into energetic relativistic particles, such as sterile neutrinos or supersymmetric DM [45] . In this context, the DM particles should have a mass of the order ∼ 1MeV and a lifetime of order the Hubble time H −1 0 . Based on the expression ζ = 1.25ρ h τ e [1−(ρ l +ρ r )/ρ] 2 presented in [45] , where ρ is the total energy density in the Universe, ρ h is the DM density for an unstable decaying DM, ρ l is the produced relativistic energy density, and τ e = τ /(1−3Hτ ) is the equilibrium time with τ being the particle decaying time. Hence, we could give a bounded relation for such densities and the decaying lifetime at z = 0 as 1.25κ 2 ρ h0 τ e [1 − (ρ l0 + ρ r )/ρ 0 ] 2 /H 0 √ Ω dm0 < 0.086, 0.098 at 95% CL for the IVM and VM, respectively.
VI. CONCLUSIONS AND OUTLOOKS
In this work we have addressed a phenomenological model for a flat Universe containing a radiation component and a viscous fluid (dark matter plus baryons) that interacts with a perfect fluid (DE), denoted as IVM. The IVM is characterized by the parameter phase-space Θ = (h, Ω de0 , ξ 0 , β). Furthermore, we studied some particular cases of the model by considering the dm fluid as an interacting perfect fluid (ξ 0 = 0), and as only viscous fluid (β = 0). The latter consisted of the noninteracting perfect fluid (β = ξ 0 = 0) which corresponds to the LCDM model. In the first part of the work, we studied the IVM from a dynamical approach. We obtained the stability conditions for the critical points presented in the Table I , which are in concordance with those obtained by [51] when a linear interacting term of the form z(x) = αx is considered, being α an appropriate constant. Figure 1 shows the phase-space of the dynamical system where the color gradient represents the value of the deceleration parameter (q), jerk (j), and effective EoS (w ef f ). The second part of the work consisted in performing a Bayesian MCMC analysis using the largest sample of the Hubble parameter data to obtain the best fit parameters for each model (Table  III) . Then, we reconstructed the deceleration and jerk parameter and the effective EoS, as was shown in Fig.  4 . We estimate the current values of the cosmographic parameters as q 0 = −0.55 +0.06 −0.05 , −0.58 +0.05 −0.04 , −0.58 +0.05 −0.05 , −0.63 +0.02 −0.02 and j 0 = 0.87 +0.06 −0.09 , 0.94 +0.04 −0.06 , 0.91 +0.06 −0.10 , 1.0, for the IVM, VM, IM, and LCDM respectively, which are in agreement with those reported in the literature considering other models [7, 41] . Finally, although our results on BIC suggest the models used are unfavourable over LCDM standard paradigm, they give an alternative to alleviate the CC problems by adding some degree of freedom to LCDM.
